We have studied the dynamics of grain growth and the pinning effect of grain boundaries on magnetic domain walls in FeCo soft magnetic alloys. It has been found that grain growth takes place at temperatures above 600°C. The activation energy for grain growth in a disordered state at 820°C is about 57.4Ϯ0.5 kcal/mole. The effect of grain size on magnetic properties has been singled out by keeping the same ordering parameter (Sϭ0 and 0.88͒ for all samples studied. Microstructural characterization and magnetic measurements indicate that the grain size significantly affects the magnetic coercivity. A linear relationship between the coercivity and the reciprocal of the grain size has been universally found regardless of the heat-treatment histories. Lorenz microscopic observation demonstrates that grain boundaries act as pinning sites for the magnetic domain wall movement.
I. INTRODUCTION
FeCo-based soft magnetic alloys have received renewed interest since they exhibit high saturation magnetization M s and high Curie temperature. 1, 2 They are good candidates for high temperature applications such as new generation turbine engines 3 as well as in recording media where high saturation magnetization is required. 4, 5 Many magnetic properties of bulk alloys are closely related to the microstructure. For example, the shape of the hysteresis loop, the coercive field H c , and the initial magnetic permeability , are not only determined by the intrinsic properties such as the crystalline anisotropy constant K 1 and the magnetostriction constant , but also by the microstructural parameters including grain size, texture, defects, and precipitates. These parameters can be optimized by choosing appropriate working and processing conditions of the materials to achieve desired mechanical and magnetic properties. However, these parameters may undergo irreversible changes at high operation temperature (T ϭ600°C͒. A major change in the microstructure is the growth of grain size. The effect of grain size on magnetic properties has been extensively studied on nanocrystalline materials where the exchange coupling reduces the magnetic anisotropy and magnetic coercivity. 6, 7 However, relatively few studies are made on bulk magnetic materials, 8 especially on the FeCo system. FeCo system is particularly of interest since Fe x Co 1Ϫx alloys with xϭ30-70 at. % undergo a disorder to order transition at 730°C, 9 which significantly alters their magnetic and mechanical properties. A systematic investigation of the relationship between the grain size and the magnetic properties for FeCo system is still lacking.
The purpose of the present investigation is to address the dynamics of grain growth at high temperature and its effect on the magnetic properties of equiatomic FeCo alloys both in disordered and ordered state. In particularly, the pinning effect of the grain boundaries on the magnetic domain wall has been observed and analyzed.
II. EXPERIMENT
FeCo alloys of compositions of Co 49 V 1.9 Fe bal were provided by Carpenter Technology, Inc. The rolled 0.25 mm thin sheets were machined into samples of different sizes and shapes before heat treatment in a flowing Ar gas. In order to obtain samples with different grain sizes, FeCo alloys were heat treated at various temperatures for fixed period of time, as well as for various times at fixed temperature. Toroidal samples were used to measure the magnetic properties. Prior to the measurements, oxidized layers were removed by using diluted acid solution. The grain size was determined by an optical microscope using well-polished and etched FeCo samples. The long range structural order parameter S was determined by using neutron diffraction technique. In this technique, the difference of structural scattering factors ( f Fe Ϫ f Co ) is maximized. Consequently, superlattice peaks due to ordered structure were clearly observed. The ordering parameter was computed from the ratio of the integrated intensities I 100 /I 200 . The magnetic domain structure has been observed by using Lorenz electron microscopy. Figure 1 shows the growth of grain size for Co 49 V 1.9 Fe bal samples as a function of holding time at Tϭ820°C for the samples with final ordered and disordered structure. The disordered structure was achieved by quenching the samples into brine after annealing at 820°C, and the ordered structure was obtained by cooling the samples to room temperature at a rate of 90°C/h. In the former case, grains only grow in the disordered state, i.e., in an isothermal process (T ϭ820°C͒. For the ordered samples, grains grow in two It was proven that the ordering parameter is critically dependent on the cooling rate after annealing at high temperatures and only slightly changes with annealing time. Based on the formula described by Smith and Rawling, 10 we have calculated the ordering parameter to be 0 and 0.88 for the ordered and disordered samples, respectively.
III. RESULTS AND DISCUSSIONS
The relationship between grain size D and time t under isothermal conditions can be expressed as
where V is the atomic gram volume, is the surface energy of grain boundary, and K is the diffusion rate, which varies with temperature according to the relationship:
where ⌬Q is the activation energy for grain growth. The activation energy for grain growth can thus be calculated by combining Eq. ͑1͒ and Eq. ͑2͒ to give:
A plot of D 2 against time t at Tϭ820°C is presented in Fig.  3 . Using Eq. ͑3͒, the activation energy for grain growth calculated for a disordered sample is about 57.4Ϯ0.5 kcal/mole. For ordered sample the grain growth involves two stages: isothermal and cooling processes. An approximately linear relationship is seen in the D 2 vs t plots both for the disordered and ordered samples as shown in Fig. 3 . The value of activation energy is about 57.6Ϯ0.5 kcal/mole, which is nearly the same for the disordered sample, Goldenberg and Selisskii 11 obtained a value of activation energy for recrystallization of the Fe 19 Co 81 alloy of 56.4 kcal/mole. Thus it appears that the activation energy for recrystallization and grain growth are very close.
The difference in grain size between the ordered and disordered samples (⌬DϭD ordered ϪD disordered ) represents grain growth in the cooling process after annealing at T ϭ820°C. We plot grain growth ⌬D during the cooling process as a function of initial grain size D ini as shown in Fig. 4 , where D ini is defined as grain size for samples after holding at high temperature. Assuming no change in the fast quenching process, we chose grain size for the disordered samples as initial grain size D ini , i.e., D ini ϭD disordered . The value of ⌬D shows an abnormal peak behavior as a function of initial grain size ͑Fig. 4͒. The initial increase in grain size with increasing the initial grain size D ini is believed to be related to the recrystallization of heavily cold-rolled samples which takes place rapidly at high temperatures. This abnormal phenomenon due to recrystallization is also observed in tensile testing. 12 The yield stress initially increases with increasing the grain size till a peak value, then decreases with further increasing the grain size.
To study how grain size affects the magnetic properties, we should keep the ordering parameter the same in all samples. Since the disorder-order transition occurs at 730°C, we use two groups of samples to study the effect of annealing temperature on grain size. One group of samples was annealed at TϾ730°C in a disordered regime. To keep the same structural ordering parameter (SϷ0.88), all the samples were cooled down to room temperature at the same rate of 90°C/h. Another group of samples were initially held at 820°C for 2 h and cooled at 90°C/h to achieve the same ordering parameter, then they were heated to different temperatures below 730°C and held for 10 min before quenching to room temperature. Neutron diffraction experiments indicate that the samples heat treated above show nearly the same structural ordering parameter (SϷ0.88). The change of grain size with temperature is shown in Fig. 5 . It is clear that the grains start to grow at about 600°C for the FeCo system, and grow much faster at TϾ780°C. Figures 6 and 7 show the effect of annealing time at T ϭ820°C, annealing temperature at TϾ730°C and T Ͻ730°C on the magnetic coercivity H c of FeCo alloys. For all these three heat treatments, the saturation magnetization M s essentially remains unchanged. Microstructural characterization indicates that the change of the coercive field H c with heat treatments shown above is associated with the change of grain size. Figures 8, 9 , and 10 illustrate the relationship between coercivity H c and grain size with minor effect from other structural parameters. For both disordered and ordered samples, coercivity is universally found inversely proportional to the grain diameter D even at a frequency up to 1600 Hz. A similar relationship between the coercivity H c and grain size has also been found in FeNi 13 and MoCu alloys.
14 According to Mager, 15 the coercivity determined by grain boundaries can be expressed as
where ␥ w is the wall energy, and M s is saturation magnetization. The wall energy ␥ w can be estimated by the equation
Thus,
where k is the Boltzmann constant, K 1 is the magnetocrystalline anisotropy, T c is the Curie temperature, and a is the lattice constant. The smaller grain size and higher K 1 values result in a higher coercivity for disordered samples as compared with the ordered samples. The slopes for the plots of H c versus inverse grain diameter are different for the samples with three sets of heat treatments. This difference is more likely related to minor microstructural variations with heat treatment, for example, the density of defects and subgrain structure. Fitting Figs. 8, 9 , and 10 by using Eq. , which is about three times higher than that for the previous two groups of samples. As discussed before, in order to achieve the same ordering parameter, this group of samples were initially held at 820°C for 2 h and cooled at 90°C/h, then heated to different temperatures below 730°C and held for 10 min before quenching. This higher K 1 value is thus probably related to higher density of defects and internal stress induced by fast cooling after annealing at TϽ730°C. A more detailed analysis of the relationship between the coercivity and grain boundaries can be obtained by using more accurate model proposed by Chui. 17 The results will be published separately. The linear dependence of H c as a function of 1/D implies that grain boundaries serve as pinning sites for the magnetic domain wall. The pinning effect of the grain boundaries on the magnetic domain wall has been investigated by the Lorentz electron microscopy. The Lorenz electron microscopy observations revealed that a considerable amount of magnetic domain walls lie along the grain boundaries and are curved at intersecting points of grain boundaries, indicating that grain boundaries act as pinning sites for magnetic domain wall movement. Figure 11 shows a typical photograph demonstrating that the domain walls are pinned by grain boundaries indicated by an arrow. As described in Chui's work, 17 thin magnetic domain walls are easily pinned by grain boundaries. It is evident from Fig. 11 that the magnetic domain wall is much thicker than the grain boundary. Consequently, the pinning effect of the grain boundaries is not very strong, and the materials are still magnetically soft. Detailed analysis will be published elsewhere.
IV. CONCLUSIONS
We have studied grain growth for the FeCo system and have found that activation energy for grain growth is temperature independent. Recrystallization takes place for the cold-worked samples annealed at high temperature. Grain growth starts at temperature of about 600°C. We have singled out the effect of grain size on the magnetic properties by keeping the ordering parameter the same for all samples. The coercivity is universally found to be linearly proportional to inverse grain size, even at high frequencies. The saturation magnetization remains the same regardless of grain size. The microstructural characterization indicates that the grain boundaries indeed act as the pinning sites for the magnetic domain wall.
